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Abstract
This paper presents an FPGA architecture for objects classiﬁcation based on Adaptive Boosting algorithm. The ar-
chitecture uses the color and texture features as input attributes to discriminate the objects in a scene. Moreover, the
architecture design takes into account the requirements of real-time processing. To this end, it was optimized for reusing
the texture feature modules, giving, in this way, a more complete model for each object and becoming easier the object-
discrimination process. The reuses technique allows to increase the information of the object model without decrease the
performance or drastically increase the area used on the FPGA. The architecture classiﬁes 30 dense images per second
of size 640 × 480 pixels. Both, classiﬁcation architecture and optimization technique, are described and compared with
others architectures founded in the literature. The conclusions and perspectives are given at the end of this document.
c© 2012 Published by Elsevier Ltd.
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1. Introduction
One of the most used technique on the obstacles detection consist in modeling the objects based on
appearance (color, texture,...) and/or geometric attributes. This model must deliver a features vector, by
means of this vector it is possible to separate an image in diﬀerent regions. The feature vector is used as
input of the classiﬁcation algorithm during the learning process. Furthermore, the classiﬁcation algorithm
requires a training set which is used to discriminate the classes by dividing the image in regions or objects
in according to an attributes vector. In this case, the number of dimensions n depends on the number of
attributes to be analyzed. It is important to points out that in this methodology, the algorithm to calculate the
attributes plays an important role during the ﬁnal classiﬁcation, since the performance of detection is directly
proportional to the information contained in the attributes vector. On the other hand, the classiﬁcation
algorithm is also important because it allows to obtain the best trace oﬀ among performance, training time
and classiﬁcation time.
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Color and texture features are the most frequently used attributes for classifying objects in indoor scenes,
because they allow to discriminate several objects. Also, color feature is an attribute that contains suﬃcient
information about the objects, in addition, it does not require much computational power. However, if the
environment contains several and diﬀerent kind of objects, the the color feature is not enough, and it is
necessary to complement our information by other feature such as texture. However, the texture attribute
implies a disadvantage: texture attributes calculation requires a high computational cost. To overcome
this inconvenient, two possible alternatives have been proposed : (1) make a sparse analysis and (2) use
dedicated systems. First alternative consist in dividing the image into several regions in which only few
points are analyzed to determine the class on the region, thus the calculation time is highly reduced and the
real-time performance could be reached. Second alternative proposes to carry out the features analysis on
a dedicated system such as a DSP, GPU or FPGA, with the aim of increasing the performance and, unlike
ﬁrst alternative, achieving a dense analysis of the image, that is pixel by pixel.
In the literature, there are diﬀerent that uses texture analysis on dedicated systems. One of the ﬁrst
solutions to this issue employing an heterogeneous embedded system was proposed by Ibarra-Pico et al [1].
The system consist of a DSP and an FPGA and it is based on a primary variant of the algorithm of sums
and diﬀerences of histograms (SDH) proposed by Unser [2]. In [1], the authors use as input the image
for calculating the histograms, from such the texture attributes are obtained straightforward. However,
these new attributes do not hold some characteristics unlike the SDH algorithm proposed by Unser, as a
consequence, the performance during classiﬁcation is reduced. A another solution based on the algorithm of
concurrence matrices, was proposed by Tahir [3] in which the performance in classiﬁcation was improved.
The solution proposed consist in obtaining the texture attributes using an FPGA, since this computation
requires more computing power. On the other hand, the classiﬁcation process is carried out on a PC reducing
the overall performance in system. In this case, the implementation on a PC cannot be avoided because most
of the FPGA resources are already consumed by the texture analysis. This system is used for processing
medical images in order to detect cancer. To overcome the problem of the system performance, the image
is divided into several regions and each region is classiﬁed taking into account all the pixels. This image
division allows to reduce the output image with respect to the input image, mainly due to the classiﬁcation
process is performed out to the feature analysis process.
In Lopez-Estrada et. al [4], the authors provide a solution to reduce the consumed area in the texture
analysis. In this work, the architecture calculates the texture attributes as in [3] by taking the modules
only for the texture features that consume the lowest quantity of resources on the FPGA. Thus, Lopez-
Estrada could implement the classiﬁcation process on an FPGA. However, as this done by a decision tree,
the performance of the classiﬁcation is limited. Furthermore, this strategy forces the entire image to have
the ”predominant” class resulted, i.e, the system provides a class for each image but it ignores the presence
of another classes and the position of such resulting class in the image. After in 2010, Ibarra-Manzano
et al. [5, 6] present an adaptation of the SDH algorithm for texture feature analysis allowing to calculate
dense attributes for each of the pixels in the image. In spite of a signiﬁcant reduction in the arithmetic
computation of the SDH algorithm, the architecture shows some modules not optimized, moreover most of
them are not reused even if that could improve the global performance of the system. In order to overcome
this problems, same authors propose in 2011 an extension of their work creating an optimal architecture for
a greater amount of image information, from which it is possible to increase the number of attributes [7].
In this work, it is used an analysis optimized of textures for providing a most complete model of the
objects and measurably improving the classiﬁcation results. At this point, it is necessary to consider the
case of distinguishing a particular object among several objects of the same kind but with diﬀerent color.
Usually, we found that this particular situation requires more than only texture features information. For this
reason, a color model is included to the texture classiﬁcation architecture with the aim of providing more
information to discriminate singular objects. Once texture and color features have been analyzed and the cor-
responding attributes values found, it is necessary to select a classiﬁcation method to increase the eﬃciency
and performance of the global strategy. Therefore, we found the AdaBoost learning advanced techniques
as the most convenient method due to it is easier to be implemented on an FPGA but essentially because it
adaptively updates the distribution of samples by increasing the weights that were poorly represented by the
previous classiﬁcation. Furthermore, AdaBoost algorithm can be very eﬀective with high-dimensional data
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since it manages multiple classiﬁers called “weak” for obtaining more accurate results [8]. In this case, the
decision tree technique is used as “weak” classiﬁers. In the next section, we provide an overview about our
ﬁnal architecture based on the Adaptive Boosting (AdaBoost) classiﬁcation algorithm and the technique of
decision tree. Next, the architecture that implements the AdaBoost algorithm is presented in section 3. The
performance results and a comparative analysis of similar architectures found in the literature are presented
in Section 4. Conclusions and perspectives are presented at the end of this document.
2. Boosting Algorithm
The AdaBoost algorithm was developed in 1995 by Freund and Schapire [9] and it is considered a
powerful technique which provides a solution to the classiﬁcation problem using supervised learning. The
AdaBoost combines the performance of several classiﬁers called “weak” in order to obtain a strong classi-
ﬁer. Freund and Schapire have proved that if a weak classiﬁer is slightly better than chance, the error of the
ﬁnal classiﬁer decreases exponentially. Each weak classiﬁer is usually simple and requires a short time of
computing. Several weak classiﬁers eﬃciently combined produce a strong classiﬁer that, commonly, out-
performs the “monolithic” fort classiﬁers such as SVM and neural networks.The objective of the algorithm
consist in ﬁnding the minimal function in the hypothesis space, also this function must gives the smallest
error in the distribution D. This distribution is issued of the analysis of samples in the training set. The
AdaBoost algorithm shows two main diﬀerences compared to other machine learning techniques:
1. Adapt the errors in the hypothesis given by the weak classiﬁers
2. The limit of the operation depends only of the weak classiﬁers model that is generated by the distri-
bution function D
Moreover, the algorithm takes as inputs a set of training samples (x1, y1) , (x2, y2) , ..., (xm, ym) where each
xi belongs to space X and each label yi is an element of the set Y . In this work, we assume that Y = {−1,+1}
represents the negative and positive class, respectively. The algorithm AdaBoost employs a weak classiﬁer
as base that is continuously used in series of t = 1, ...,T iterations. It is important to points out that the
distribution D must be provided during the training process as well as a set of weights on all the training
samples. The weight of the distribution function, for the training sample i at iteration t is referred to as
dt (i). Initially, all weights are equal and uniform (see Equation 1), but at each iteration, the weights of
misclassiﬁed training samples are increased. Therefore, the next weak classiﬁer is particularly focused on
samples diﬃcult to classify, and vice versa when the training samples are classiﬁed.
D1 (i) =
1
m
∀i (1)
On the other hand, the learning process of weak classiﬁers trains on m samples in order to ﬁnd the
best weak hypothesis ht : X → {−1,+1} for the weight distribution Dt. In addition, learning process is
repeated T times on the same set of samples, however at each iteration the distribution Dt is updated and,
as a consequence, the hypothesis found at each iteration will change also. The weak hypothesis can be
seen as one attributes that allow us to distinguish between two classes, with an error expressed by t > 1/2.
According to this, the error is calculated as the sum of sample weights which were misclassiﬁed. Once the
weak hypothesis ht has been chosen, the AdaBoost algorithm intuitively calculates a parameter αt, that is
used to measure the importance assigned to weak hypothesis ht. The ﬁnal hypothesis H (see Equation 2) is
constructed as a combination of weak hypotheses found at each iteration. The ﬁnal hypothesis produced by
AdaBoost algorithm has errors of 1, 2, ..., T , where the error t for iteration t is deﬁned by the equation 3.
The error can be updated, yielding:
• The coeﬃcient αt of the weak hypothesis ht.
• The new weights of the training samples (Dt)
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H (x) = sign
⎛
⎜⎜⎜⎜⎜⎝
T∑
t=1
αtht (x)
⎞
⎟⎟⎟⎟⎟⎠ (2)
t = PrDt
[
ht (xi)  yi
]
(3)
Algorithm 1 Adaptive Boosting
Require: (x1, y1) , (x2, y2) , ..., (xm, ym), o xi ∈ X ∧ yi ∈ Y = {−1,+1}
D1 (i)⇐ 1m
for t = 1, 2, ...,T do
ht : X → {−1,+1} {Learning weak hypothesis on the distribution Dt}
t ⇐ PrDt
[
ht (xi)  yi
]
=
∑
i Dt (i) ∀ht (xi)  yi {Calculate the error learning}
ht ⇐ ht |min (t) {Find the weak hypothesis ht with minimal learning error t and distribution Dt.}
βt ⇐ t1−t
αt ⇐ − 12 ln (βt) {Calculate the coeﬃcient of the weak hypothesis ht}
Dt+1 (i)⇐ Dt(i)Zt × exp (−αtyiht (xi)) {Calculate the distribution function Dt+1, where zt is the normaliza-
tion factor}
end for
H (x)⇐ sign (∑t αtht (x)) {Obtain the ﬁnal hypothesis}
The learning process of AdaBoost classiﬁer is presented in Algorithm 1. In the classiﬁcation phase,
a new sample under test requires the ﬁnal hypothesis, which combines T learned weak hypotheses from
the training set. All weak hypotheses h1, h2, ..., hT carries out the classiﬁcation of this sample in parallel,
the result returned by hi is aﬀected by the corresponding weight αi. A linear combination of these results
provides the probability of sample belongs to the class. This probability is positive when the sample belongs
to the class and negative otherwise. This result will provide the class, so that, we will assign to the sample,
the class value expressed as to +1 or −1. This method can be seen as a majority vote in which, the class that
has the most votes will be chosen for the sample under test.
Furthermore, the AdaBoost algorithm is easy to implement. It only requires one parameter for adjusting
the number of weak hypotheses T , which directly depends on the threshold error of we want to achieve. As
no special requirements are imposed for weak hypothesis, so AdaBoost can be combined with any learning
method. However, we note that the AdaBoost algorithm is sensitive to noise producing negative eﬀects: the
algorithm could focused on several samples diﬃcult to classify. According to this, it will exist a zone of
ambiguity inter classes on the hypothesis space, aﬀecting the performance of the ﬁnal classiﬁer. Therefore,
we must be focused on the training set used during learning process.
In the AdaBoost algorithm, we chose the decision trees method as weak classiﬁer especially Classiﬁca-
tion and Regression Trees (CART). This method has the advantage of being easy to implement on hardware
for classiﬁcation, which justiﬁes this choice for the ﬁnal implementation of a reprogrammable platform. The
performance given by this method is suﬃcient to be combined with the AdaBoost algorithm. We describe
the classiﬁcation tree method in more detail in the next section.
2.1. Decision Trees
Once AdaBoost algorithm have been described, in this subsection, we explain the essential character-
istics of the decision trees used as weak classiﬁers. A decision tree is a predictive model used during the
classiﬁcation and regression tasks. A decision tree is called classiﬁcation tree when it classiﬁes an object
when it uses the values of their attributes in order to assign it to a class.
The single point of departure in a classiﬁcation tree is called root node and consists of all training
samples m at the top of the tree. A node is a subset of all variables, and it can be a leaf node or non-terminal.
We will very often consider simple decision trees with only one root node per tree because they provide
enough information and at the same time it avoids to carried out unnecessary computations.
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A classiﬁcation tree can be seen as an ordered sequence of questions in which followed questions for-
mulated at each stage of the classiﬁcation process depend on the answers to the previous questions. The
sequence ends with a prediction of the class.
3. Hardware Implementation
The architecture for classiﬁcation based on color and texture attributes was developed for an FPGA
device that is a general engine for high-speed image processing. In order to maximize the performance,
our design was made up to minimize resources (memory, Logic Elements) required on the FPGA. Our
architecture is composed of three main operations, namely, the color transformation(for details, see [6]), the
calculus of texture features(for details, see [7] or [5]) and the classiﬁcation of color-texture features. Figure
1 shows, inside of a doted rectangle, the integration of the object classiﬁcation modules for one camera. The
hardware implementation of classiﬁcation module is detailed in following subsections.
Fig. 1. Diagram classiﬁcation algorithm based on color and texture attributes.
3.1. Weak classiﬁer module
As we introduced above, the decision trees technique is used as the basis for the module of the weak
hypothesis. A depth of nt = 5 is used in each decision tree: we set this value in all decision trees to reduce the
complexity of higher-level modules in the classiﬁcation architecture, and, at the same time, to deﬁne a single
module reconﬁgurable for all the decision trees. Figure 2 shows a part of the decision tree. This module has
as input the data bus x of size n f × nb bits, where n f represents the number of attributes coded on nb bits.
The number of attributes is 6 × nd + 2, where nd represents the number of displacements in the attributes of
texture, 6 is the number of attributes of texture per displacements, and 2 the number of attributes of color
obtained from the transformation CIE-Lab. The hardware architecture of this module consists of 1 level of
selection and 6 levels of comparisons. The selection level consists in 2nt+1 = 63 multiplexers, controlled
by the bus J, that choose the attributes on the bus x to compare these attributes in each particular branch of
the decision tree. Each level of comparison, except the ﬁrst, consists of a multiplex stage and a comparison
stage. The multiplexing stage is used to select the attribute and the threshold that must be compared. The
multiplexers are controlled by the results of previous levels of comparison, as this determines the branch
of the tree where the current pixel is deﬁned by its attributes on the bus x. The ﬁrst 5 comparison levels
correspond to levels of nt depth of the decision tree, the last level of comparison is the output of the decision
tree that is diﬀerent for each leaf of the tree. The thresholds C are controlled by the bus of the same name, at
the same time, controlled by the higher level module. The latency of this module is 2 × (nt + 1) = 12 pulses
of the pixel clock.
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Fig. 2. The architecture of the weak classiﬁer module that containts a decision tree.
3.2. AdaBoost Module
Figure 3 shows a part of the architecture of the classiﬁcation module based on the Adaptive Boosting
algorithm which consists of T weak hypothesis modules. AdaBoost module conﬁgures the bus: J for the
attributes in the selectors and C for the thresholds in the multiplexers. For each of the modules of the weak
hypothesis, this amounts to conﬁgure 2nt+2 = 126 values automatically to reduce errors. The ﬁnal decision of
each weak hypothesis is multiplied by the weight α corresponding to weight that is generated automatically
and wired from the learning method implemented. The weight α represents a kind of “conﬁdence” assigned
to each weak hypothesis, and multiplication is a weighting of the ﬁnal decision of each tree. The results of
the weights, ie the outputs of the multipliers are added by using a pyramidal architecture to obtain the ﬁnal
classiﬁcation, which is the sum of ﬁnal decisions of all modules of weak hypotheses. The latency of this
module is 2 × (nt + 1) + ⌈log2 (T )
⌉
+ 1 pulses of the pixel clock.
4. Performance discussion and Results
We evaluated our classiﬁcation architecture based on the attributes of color and texture. It was carried
out on a FPGA EP3C120F780C7N Cyclone III family device of Altera [10]. The results of the synthesis are
summarized in the table 1. The resources required are mainly based on the size of the image, the number
of displacements, the size of the processing window used by the analysis module of the attributes of texture
and the number of weak hypothesis used by the classiﬁcation module. In this architecture, we use a image
size of 640×480 pixels with only 1 displacement on the textures attributes of pseudo-variance, variance and
correlation and 10 displacements on the others texture attributes (mean, contrast and homogeneity) and a
processing windows size of 17× 15 pixels. Finally, we compare the performance and resource consumption
to 10, 20 and 30 weak hypothesis on the classiﬁcation module. With these parameters and a clock rate of
50 MHz, our architecture classiﬁed 30 images par second.
In table 1, the ﬁrst column shows the diﬀerent types of resources consumed by the module. The second
column shows the statistics of the resources consumed by the processing module of color. Because the
coeﬃcients in the transformation matrix are constant, this module uses only logic elements. Unlike the pro-
cessing module of the color, the texture analysis module uses memory to store the pixels needed to calculate
the texture attributes using the adequacy of sum and diﬀerence histograms. We have signiﬁcantly reduced
memory resources due to the fact that the processing windows used are common to diﬀerent attributes and
our architecture use more eﬃciently all the texture modules. An eﬃcient reuses of the modules lets to reduce
the computation resources moreover to improve the quantity of information. This module uses the embedded
multipliers to calculate the attributes of contrast and variance. The other three columns in the table 1 refer
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Fig. 3. The architecture of the classiﬁcation module based on the AdaBoost algorithm.
to classiﬁcation module based on the AdaBoost algorithm for a number of 10, 20 and 30 weak hypothesis.
The number of logic elements is directly proportional to the number of weak hypotheses. Conversely, the
number of embedded multipliers is obtained by subtracting the number of weak hypothesis (total weight) to
the number of weights that are multiples of two, and this is that in this case, the multiplier is replaced by a
shift operation.
Table 1. Table of statistics of resources consumed by the classiﬁcation architecture.
Attributs of Attributs of Classiﬁcation (# weak hypothesis)
color texture 10 20 30
Logic Elements 716 19, 766 7, 683 14, 078 19, 401
Combinational functions 643 15, 676 5, 676 11, 615 16, 826
Dedicated registres 280 12, 591 5, 229 8, 210 10, 543
Memory size − 1.75 Mb − − −
Embedded multipliers − 120 36 68 64
We compare the performance between the same algorithms implemented on hardware on a FPGA, and
software on a PC MacBook Pro with an Intel Core 2 Duo 2.33 GHz, 4 Mb L2 cache and 2 Gb of RAM.
The results of the performance between the two solutions are presented in table 2 for diﬀerent image sizes
and number of weak hypothesis (the ﬁrst and second columns, respectively). The third column shows the
processing time for each implementation, the diﬀerence in units of time is noticeable. In the case of FPGAs,
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the parallel processing and ﬂexibility of computing can achieve processing times lower. The last column
gives a speedup factor compared to the PC solution. It may be noted that this factor is directly proportional
to the number of weak hypotheses. These results also emphasize that the number of weak hypothesis does
not aﬀect the processing time in the FPGA, because they are calculated simultaneously in contrast to the PC
solution for which the duration of processing is directly related to their number. But unlike the FPGA, the
PC solution is easy and quick to implement.
Table 2. Comparative table of performance for diﬀerent implementations.
Image size # of weak Processing time Speedup
(pixels) hypothesis PC FPGA factor
320 × 240 30 617ms 7.68ms 80.37
640 × 480 10 1.52s 30.72ms 49.66
640 × 480 20 1.96s 30.72ms 63.83
640 × 480 30 2.45s 30.72ms 79.96
640 × 480 60 3.80s 30.72ms 123.9
1024 × 768 30 6.43s 78.64ms 81.76
Finally, the classiﬁcation architecture proposed on FPGA has been compared to others three architec-
tures found in the literature. Table 3 shows the results of the implementation of our architecture and the
other three architectures. Our architecture and the previous version of this without reuse resources. Our
architecture uses both the attributes of color and texture, the others use only the attributes of texture. Our
architecture and the architecture of Lopez-Estrada [4] use the classiﬁcation on the FPGA, which increases
performance. However, the decision tree used in the architecture of Lopez-Estrada is a classiﬁer less robust
because it uses a smaller number of attributes, which reduces the scope of its use. The surface, in our archi-
tecture, can not be directly compared to architectures Tahir [3] and Lopez-Estrada which are implemented
on FPGAs from Xilinx. However, it is important to note that unlike our architecture, the other two deal with
the image so that there is no overlap between the processing windows, ie they do not one class for each pixel
in the image, but give a class for each set of pixels in the processing window. This reduces the number of
operations and therefore the resources and increases performance. In fact, the architecture of Lopez-Estrada
gives one class for the entire image, ie, it detects whether the class exists in the picture or not but it does not
indicate what part of the this is the object, it detects only the existence.
Table 3. Comparative table of the performance of classiﬁcation algorithms based on the appearance attributes for diﬀerent FPGA
architecture.
Our Design Ibarra-Manzano [6] Tahir [3] Lopez-Estrada [4]
Color features CIE-L*ab CIE-L*ab − −
Texture features ASDH ASDH GLCM GLCM
Classiﬁcation algorithm AdaBoost AdaBoost LOO (PC) Decision Tree
Image size 640 × 480 640 × 480 512 × 512 256 × 256
Size of processing window 17 × 15 17 × 15 128 × 128 256 × 256
Gray level 256 256 32 256
Number of attributes 35 8 7 3
Performance 30 fps 30 fps 26 fps −
Surface 34, 560 LE 34, 560 LE 20, 544 S 277 S
Size of internal memory 1.75 Mb 379 Kb 400 Kb −
Size of external memory − − 8 Mb −
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5. Conclusions and Perpectives
This paper describes how a complex classiﬁcation function has been implemented on an FPGA-based
architecture. It has been proven that same results are obtained with a software and the FPGA-based imple-
mentation. This eﬀort agreed to design, implement and evaluate this architecture is justiﬁed for diﬀerent
reasons. By now the 30Hz frequency is a bound due to the camera characteristics; we could improve the
reactivity with faster acquisitions. Using only software on a single core, it is not possible by now, to compute
at 30 Hz AdaBoost algorithm on 640 × 480 images, even with an optimized code.
Future works will be devoted to the evaluation of high level synthesis tool to generate such complex
architectures. In order to improve the classiﬁcation performance, an enriched attributes module consisting
of more features is been analyzed. The total parameterization of the modules in function of the performance
and resources will help to accelerate the design-time. At the same time the design will have a more accurate
estimation resources and will let known an a priori performance value during the classiﬁcation process.
The outlook with respect to the embedded implementation are the method implementation in a Xilinx
FPGA, this in order to compare the performance achieved with a diﬀerent FPGA technology. In the same
way, we want to make a comparison with others embedded technologies as DSP or GPU, however, in
the last case highlighting not only the performance but also the power consumption. To complement the
comparative analysis, we will make an analysis of energy consumption in both: for the ﬁnal architecture
and in each module, in order to complement the information of classiﬁcation module.
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